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ABSTRACT 

(Distribution  Limitation  Statement  No.  2) 

C02  (10.6  micron)  and  He-Ne  (6328A)  laser  beams  were  passed  through  the  highly 
turbulent  region  in  the  exhaust  of  a  jet  engine  (J-57  with  afterburner). 
Experimental  information  was  obtained  on  the  absorption,  scattering  and  turbu¬ 
lence  effects  of  the  jet  exhaust  on  both  laser  beams  for  various  propagation 
paths.  Estimates  of  a  structure  constant  that  would  characterize  the  turbu¬ 
lence  in  the  exhaust  are  made  from  the  beam  spread  of  focused  and  collimated 
beams.  The  structure  constant  obtained  in  this  manner  is  then  compared  with 
the  structure  constant  determined  from  scintillation  measurements  on  the  C02 
beam  and  with  the  results  of  hot-wire  anemometer  readings  in  the  exhaust.  The 
various  methods  yield  results  for  the  structure  constant  that  are  In  good  agree¬ 
ment  (typically  a  structure  constant  of  the  order  of  3xlO”5nT1/3) . 
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SECTION  I 
INTRODUCTION 

To  date,  most  experimental  propagation  work  has  been  performed  over  long 
ranges  (200  m  to  20  km).  The  primary  use  of  these  tests  has  been  to  verify 
existing  propagation  theories.  In  our  work  here  we  attempt  to  use  existing 
theory  to  quantitatively  probe  the  exhaust  of  a  jet  engine.  Consequently,  we 
try  to  characterize  the  turbulence  in  the  exhaust  by  the  well-known  "structure 
constant  C^"  occurring  in  most  propagation  theories  (Ref.  1). 

However,  because  we  do  not  know  of  any  existing  experimental  verification 
of  some  of  the  theories  used  here,  we  have  attempted  to  correlate  the  experi¬ 
mental  results  for  obtained  using  these  propagation  theories  with  measure¬ 
ments  of  Cr  using  pairs  of  hot  wire  anemometers  in  the  jet  exhaust.  While  this 
was  not  the  primary  intent  of  our  work,  we  felt  this  correlation  was  necessary 
in  order  to  establish  a  confidence  level  in  the  optical  measurement  techniques. 

We  used  two  radiation  sources  for  our  work,  a  He-Ne  laser  operating  at  0.63 
micron  with  an  output  power  between  10  and  20  milliwatts  and  a  C02  laser  oper¬ 
ating  at  10.6  microns  with  an  output  between  20  and  40  watts.  The  He-Ne  laser 
was  operated  in  the  TEMOQ  mode  while  the  C02  laser  was  highly  multimoded.  As 
a  result  of  this  and  the  inherent  operating  instabilities  of  the  C02  laser, 
most  usable  data  were  obtained  with  the  0.63  micron  beam.  However,  because  the 
gas  constituents  in  the  jet  exhaust  characteristically  absorb  more  strongly  at 
infrared  wavelengths,  we  decided  to  further  use  the  10.6-micron  beam  to  make 
estimates  of  extinction  coefficient  for  this  wavelength.  The  multimode  nature 
of  the  beam  does  not  appreciably  degrade  the  measurement  of  this  parameter. 

A  J-57  jet  engine  was  used  for  most  experiments.  The  engine  was  operated 
in  a  variety  of  power  settings  ranging  from  idle  (60  percent  maximum  power)  to 
afterburner.  We  tried  various  path  directions  and  distances  through  the  exhaust. 

Therefore,  aside  from  the  absorption  measurement  at  10.6  microns,  we  were 
primarily  interested  in  measuring  beam  spread  and  beam  scintillation.  These 
quantities  can  be  readily  related  to  existing  theories  from  which  the  quantity 
of  interest,  C  ,  can  be  calculated. 
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SECTION  II 
THEORY 

1.  SCINTILLATION 

Scintillation  as  used  In  propagation  theory  Is  the  fluctuation  of  the  re¬ 
ceived  intensity  both  in  space  and  time.  While  the  temporal  fluctuations  are 
the  easiest  to  measure,  and  therefore  their  equivalence  to  spatial  fluctuation 
often  argued,  the  latter  is  usually  the  one  most  often  theoretically  treated. 
Fortunately,  under  the  assumption  of  "frozen  in"  turbulence,  the  statistical 
nature  of  both  spatial  and  temporal  fluctuation  seems  to  be  the  same.  Tatar ski 
(Ref.  1)  shows  in  his  work  that  the  variance  of  the  spatial  scintillation  of  a 
plane  wave  assuming  a  Kolmogorov  spectrum  of  turbulence  is  given  by 

c2  -  .31  C2  zll/6 

a  n 

where 

o2  -  log  amplitude  variance  • 

A  ■  the  field  variable 

C  ■  structure  constant  associated  with 
n 

refractive  index  variations 

k  "  wave  number  “  2ir/X 
z  »  path  length  of  the  propagation 

Since  the  amplitude  fluctuations  may  be  related  to  the  intensity  fluctuations 

4,[l°g(A/Ao)]2  -  [log(l/lo)]2 

we  then  have 


'log  (a/aJ]2 
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a2  -  1.23  C2  k7/6  zll,e 

I  n 

where 


(1) 


o2  **  log  intensity  variance 

If  we  wish  to  consider  the  power  fluctuations  in  the  measurement  plane,  we 
must  include  the  aperture  averaging  effects  as  described  by  Davis  (Ref.  2). 
This  leads  to 

a2  -  a2  G  jo/ (Az)  1  /2J  G  |d/ (Az)  1  /2j 

where 

a2  ■  power  variance 
P 

D  **  transmitting  aperture  diameter 
d  *■=  receiving  aperture  diameter 

Davis  lists  values  of  G  for  various  values  of  the  parameters  (Ref.  2). 

Let  us  next  define 


where  P  -  average  power  without  turbulence.  Experimental  evidence  (Ref.  3) 
supports  the  hypothesis  that  the  log  amplitude  (and  therefore  the  log  intensity) 
is  normally  distributed.  Furthermore,  first  order  Rytov  theory  predicts  the 
mean  of  the- log  amplitude  is  zero.  Under  this  assumption,  one  can  show  that  the 
variance  of  the  intensity  (power)  is  related  to  the  log  intensity  (power)  by 


By  monitoring  the  fluctuations  in  received  power,  we  can  then  calculate  the 
variance  of  the  log  intensity  and  determine  the  corresponding  structure  constant 
which  this  variance  represents. 


3 


AFWL-TR-  70-128 


2 .  BEAM  SPREAD 

In  che  propagation  of  bean  wavaa ,  the  anall  angle  • tattering  caused  by 
turbulent  addles  not  only  produces  the  scintillation  effect  already  discussed 
for  plane  waves ,  but  it  also  produces  beep  spreading*  This  Is  equally  true  for 
collimated  and  focused  beana.  The  theoretical  problem  of  bean  wave  propagation 
has  been  treated  by  several  people.  For  our  work  we  have  used  most  extensively 
the  results  of  Fried  and  Seldaan  (Ref.  3)  and  Gebhardt  (Ref.  4). 

The  assumptions  are  that 

(1)  energy  is  conserved  in  going  from  the  transmitter  to  the  receiver 
plans, 

(2)  the  resulting  average  intensity  profile  is  still  gaufslan  in  shape,  and 

(3)  tha  log  aaplitude  is  normally  distributed  with  mean  equal  to  <£(R)>  and 
variance  equal  to  C£(R),  where  R  is  the  radius  vector  referenced  to  the  optical 
axis  of  the  beam. 

Gebhardt  has  shown,  using  the  above  assumption*!  that  the  redo  of  the  average 
radius  (spot  site)  of  the  beam  with  turbulence  (ut)  to  the  theoretical  radius  la 
the  absence  of  turbulence  (u)  le  given  by* 

(*«/■)  -  exp  j-(<a(0)»  +  Ct(0))j  (2) 

If  C®(0)  is  the  variance  of  the  log  amplitude  for  a  apharical  wave,  given  by 
(Ref.  1) 

C*(0)  -  0.124  C*  k7/6  sU/*  (3) 

L  n 

then  one  can  ehow  that  tha  ratloa  and  £ct/C*J  dapend  only  on  a  dimen¬ 

sionless  parameter 

n  •  ij  (4) 

where  la  the  radius  of  the  transmitter.  Gebhardt  has  tabulated  the  values 
of  f<Z> M\\  aa  a  function  of  ft  for  tha  casa  of  a  focused  and  collimated  beam 


•Gebhardt  haa  shown  that  retaining  second  order  tjerms  in  the  Rytov  solution 
produces  e  non— zero  average  value  for  the  log  amplitude  yhloh  Is  numerically 
of  tha  order  of  Ct(0). 
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r  8  T 

while  Fried  and  Seldman  have  tabulated  J  ^or  t*le  same  cases-  In  terms  of 

the  normalized  ratios,  equation  (2)  can  be  rewritten  as 

(“t/“)  ”  exp  |“  Ci(0)  [[<*>/c*(0)]  +  [c£(0)/ C*(0>]J  J  (5) 

Clearly,  by  determining  the  spread  of  the  focused  and  collimated  beams  in  the 
receiver  plane,  one  can  determine  an  effective  structure  constant,  C^. 

3.  ANEMOMETERS 

As  indicated  earlier,  we  attempted  to  correlate  the  measurements  of 
obtained  using  the  "optical  techniques"  just  discussed  with  a  measurement  of 
the  structure  constant  using  hot  wire  anemometers  calibrated  as  resistance 
thermometers.  The  basic  operation  of  theae  devices  has  been  discussed  exten¬ 
sively  In  literature  (Ref.  5)  and  therefore  we  will  only  present  here  the 
relationship  between  the  measured  temperature  fluctue  'ons  variance  T^g  and 

V 

Cn  -  (77.6/T2)  P  &  x  10"e  (r‘1/3)  (6) 

where 

P  -  ambient  pressure  in  millibars 

T  -  ambient  temperature  in  °K 

il  -  root-mean-aquare  temperature 
fluctuations  in  °K 

R  ■  the  separation  distance  between 
the  probes 
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SECTION  III 
EXPERIMENTAL  RESULTS 


1 .  ANEMOMETER  MEASUREMENTS 

Hot  wire  anemometers  were  used  on  15  and  16  January  1970  to  record  ATouc  in 

RHS 

the  engine  exhaust  (Ref.  6).  The  probes  were  placed  in  the  following  positions: 

15  January— -The  two  0.00015-inch  diameter  platinum  wire  probes  were 
separated  in  the  vertical  by  a  distance  of  14  cm.  The  plane  of  the  probes  was 
normal  to  the  axis  of  the  jet  exhaust  and  placed  about  three  feet  back  from  the 
nozzle.  The  probes  were  18  inches  below  and  4-1/2  feet  to  the  side  of  the  center 
line  of  the  exhaust. 

16  January — The  same  equipment  was  used  as  on  15  January  with  the  probes 
moved  13  feet  away  from  the  nozzle  and  placed  more  directly  into  the  exhaust 

(6  inches  below  and  3  feet  to  the  side  of  the  center  line) .  The  probes  were 
separated  in  the  vertical  by  a  distance  of  4.5  cm. 

The  AT^jjg  readings  were  taken  directly  from  a  2400A  Hewlett  Packard  true 
root-mean-square  meter.  The  2-second  RMS  readings  are  given  in  table  I. 


Table  I 

A^RMS  READINGS  FROM  ANEMOMETER  PROBES 


Date 

Engine  Power 

0C) 

Meter  Scale 

(mv) 

Voltage 

‘  RMS  Reading 

atrms 

(*F) 

15  Jan  70 

75 

1 

Negligible 

15  Jan  70 

90 

1 

.3 

.11 

15  Jan  70 

100 

No  readings  due  to  vibration 

16  Jan  70 

75 

10 

.3 

.66 

16  Jan  70 

90 

10 

.5 

1.1 
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The  meteorological  conditions  for  both  days  are  shown  in  table  II. 

Table  II 

METEOROLOGICAL  CONDITIONS  FOR  15  AND  16  JANUARY  1970 


Item 

15  Jan 

16  Jan 

Pressure 

830 . 3MB 

836.8MB 

Temperature 

43°F 

50  °F 

Water  Vapor 

4400PPM 

3300PPM 

Weather 

Broken  clouds  at 

4000  feet, 
visibility  40  miles 

Clear 

Neglecting  the  water  vapor  contribution,  we  can  solve  for  using  equation 
(6).  If  we  use  the  atmospheric  ambient  temperature,  the  0.11°  and  1.1“  F 
readings  at  the  90  percent  power  setting  correspond  to  C^'s  of  4.22  x  10~7  and 
4.16  x  lO-6®-1/3,  respectively.  If  instead  we  use  the  temperature  at  the 
probes  (as  measured  by  a  thermocouple  attached  to  one  of  the  probes),  we  obtain 
3.7  x  10-8  and  1.6  x  10-6  for  C^,  respectively.  Recalling  that  heavy  atmos¬ 
pheric  turbulence  is  defined  as  a  C  of  5  x  10-7m-1/3  (Ref.  2),  we  note  that 

n 

the  readings  of  16  January  1970  are  approximately  two  to  ten  times  greater  than 
this  value. 

Note  that  on  both  days  the  probes  were  placed  to  one  side  of  the  jet 
exhaust  centerline.  Attempts  to  measure  the  heavy  turbulence  in  this  region  of 
the  exhaust  failed  when  the  filaments  were  repeatedly  blown  off  their  holders. 

2.  SCINTILLATION  MEASUREMENTS  FOR  THE  10. 6p  BEAM 

The  scintillation  measurements  were  made  on  16  January  1970  using  the  C02 
.laser  and  the  diagonal  path  indicated  in  figure  1.  A  4-mm  pinhole  was  ce-tered 
on  a  4-inch  collecting  mirror  in  the  receiving  plane  and  the  power  fiuctuat:  ns 
through  the  pinhole  were  measured  by  a  201  calorimeter  and  recorded  on  a  visi- 
corder.  The  jet  engine  was  run  at  the  power  settings  indicated  in  table  III. 
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Tab Is  III 

JET  ENGINE  POWER  SETTINGS  AND  CHARACTERISTICS 


Engine  Power 

(X) 

Duration 

(min) 

Exhaust  Temp 

(#F) 

Fuel  Flow 
(lbs/hr) 

idle 

3 

560 

990 

75 

3 

630 

1,775 

90 

3 

1010 

6,000 

100 

3 

1125 

7,600 

afterburner 

1 

1140 

26,500 

Measurable  scintillation  was  observed  only  while  the  engine  was  at  idle. 

The  maximum  frequency  of  scintillation  increases  like  f  “  V^^Xz)1/2,  where 
is  the  effective  exhaust  velocity  normal  to  the  laser  beam,  and  as  a  result 
at  higher  exhaust  velocities,  the  calorimeter  used  to  detect  the  10.6|j  radiation 
could  not  respond  to  the  more  rapid  fluctuations. 

The  structure  constant  of  the  turbulence  in  the  jet  exhaust  at  idle  was 
evaluated  using  the  formulation  in  Section  II. 1.  Three  different  times  during 
the  engine  run,  the  structure  constant  was  evaluated.  The  results  are  given  in 
table  IV. 


Table  IV 

VARIANCE  AND  CALCULATED  STRUCTURE  CONSTANT 
FOR  C02  SCINTILLATION  MEASUREMENTS 


Variance  ^  • 

Cq  (Calculated) 

9.4  x  10-3 

1.46  x  10-5 

4.7  x  10-3 

1.04  x  10~5 

1.51  x  10~2 

1.81  x  10-5 
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We  can  see  from  these  calculations  that  the  turbulence,  as  evidenced  by 
the  structure  constant,  in  the  jet  exhaust  changes  with  time  (intuitively  it 
must  since  a  jet  engine  exhaust  is  not  at  constant  temperature  or  velocity  but 
exhibits  fluctuations  about  some  mean  which  Itself  may  change  with  time). 
However,  the  results  in  table  IV -are  relatively  constant  for  this  propagation 
path. 

3.  BEAM  SPREAD  MEASUREMENTS 

The  effective  spread  of  both  collimated  and  focused  beams  at  the  receiver 
plane  was  determined  by  using  a  variable  receiving  aperture  iris  and  a  power 
meter.  By  plotting  average  power  versus  receiving  aperture  radius,  one  is  able 
to  readily  determine  the  effective  1/e2  points  (spot  size  or  radius)  of  both  the 
perturbed  and  unperturbed  beams.  For  these  experiments,  the  jet  engine  was 
operated  at  the  power  settings  indicated  in  table  I.  Figures  2  through  7  show 
the  plots  of  beam  spread  for  the  various  cases  considered  as  a  function  of 
normalized  received  power  versus  receiver  aperture  diameter. 

Once  the  effective  radii  for  a  particular  perturbed  and  unperturbed  beam 
are  determined,  we  can  use  the  formalism  developed  in  Section  II. 2  to  determine 
an  effective,  "average"*  structure  constant  for  the  particular  path  considered. 
As  we  indicated  earlier,  only  the  measurements  obtained  using  the  focused  and 
collimated  0.63u  beam  were  considered  meaningful.  The  collimated  10. 6u  beam 
had  such  a  small  beam  spread  that  accurate  measurements  were  difficult  under 
the  experimental  conditions  at  hand.  The  focused  10. 6y  beam  wau  of  such  poor 
quality  that  it  was  decided  that  useful  quantitative  comparison  with  theoretical 
predictions  would  be  impossible.  However,  we  do  include  in  Appendix  I  the 
experimental  results  for  a  collimated  and  a  focused  10. 6p  beam. 

Analysis  of  the  data  may  be  performed  in  at  least  three  ways.  One  <?ethcd 
is  as  follows:  (1)  measure  and  in  the  receiving  plene;  (2)  calculate 
(3  -  itoi^Az  and  the  beam  spread  ratios  and  wtc/“c  where  ic 

the  diffraction  limited  focal  spot  slsa  (Ref.  3),  ■  w0  i*  the  collimated 

beam  spot  size,  and  where  and  u>tc  are  the  average  spot  sizes  of  the  focused 
and  collimated  beams,  respectively,  in  turbulence;  (3)  obtain  f"c^(0) /^®(0)1  and 


*In  the  truest  sense  of  the  word,  we  do' not  obtain  an  average  Cg  over  the  path 
of  propagation.  The  theoretical  formulation  indicates  that  the  incorporation  of 
the  spatial  dependence  of  Cn  can  be  quite  complicated  (see  Ishlmaru,  Ref.  7). 
However,  for  a  "first  cut”  measure  of  the  turbulence,  we  have  assumed  that  the 
averaging  which  does  occur  closely  approximates  a  true  averaging  operation. 
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Figure  3.  Beam  Spread  for  Various  Engine  Power  Settings 
Focused  He-Ne  Beam  12  February  1970 


APERTURE  DIAMETER  (im) 

Figure  5.  Beam  Spread  for  Various  Engine  Power  Settings 
Collimated  He-Ne  Beam,  18  February  1970 


7.  Beam  Spread  for  Focused  He-Ne  Beam 
g  J— 9 7  Jet  Exhaust  on  31  March  1970 
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and  collimated  beams,  respectively.  In  turbulence;  (2)  obtain 


;i>/c;<0)] 


[s,(0)/cj(0>] 


from  the  published  tables;  and  then  (A)  solve  for  C^.  The  results 


for  Cn  using  this  method  are  presented  in  table  V, 

For  the  special  case  of  a  focused  beam,  one  can  show  that  £5  is  also  correctly 

given  for  a  diffraction  limited  optical  system  by  u In  practice,  the 

measured  fecal  spot  size  is  seldom  equal  to  the  diffraction  limited  spot 

size  <ii£.  A  better  measure  of  the  beam  spread  may  therefore  be  given  ty 

U)o/1)fm  "  rather  than  by  ft  -  *  irw^/\z.  Thus,  a  second  method  of  data 

analysis  may  be  as  follows:  (1)  measure  ui  ,  u.  ,  and  u.  in  the  receiver  plane; 

o  tin  cr 

(2)  calculate  fl,  ■  w  /ui,  and  the  beam  spread  ratio  uk-A).  ;  (3)  obtain 
P  .  iip  o/  fm  £ 1'  tin 

C  (0)/C®(0)|  and  l<l>/c®(0)|  using  £2^;  and  (4)  solve  for  C^.  This  method  is 
specifically  used  for  focused  beam  propagation.  For  the  collimated  beam,  one 
can  only  measure  at  the  receiver  plane.  While  the  optical  system  used  was 
not  diffraction  limited,  it  is  believed  that,  within  the  measurement  accuracy, 
tii  gives  a  very  good  estimate  of  u  for  these  short  propagation  paths.  Hence, 
it  is  believed  that  £2c  »  iruTy>.z  would  be  more  appropriate  for  determining 
when  a  collimated  beam  is  used.  Note,  however,  this  implies  that,  for  a  non¬ 
diffraction  limited  system,  £2^  **  fic-  Applying  this  procedure  to  the  focused 
beams,  the  values  yielded  for  are  given  in  table  VI.  The  results  for  the 
collimated  beams  are  clearly  the  same  as  those  obtained  using  the  previous 
procedures. 


Yet  a  third  method  for  analyzing  the  data  is  suggested  by  the  fact  that 
flc  i  fl^..  Thus,  one  might  do  the  following:  (1)  repeat  the  steps  of  method  2; 
and  then  (2)  apply  the  values  of  £2^  obtained  by  to  collimated  beam 

analysis.  These  results  are  given  in  table  VII.  In  this  table,  the  results 
for  the  focused  beam  propagation  are  clearly  the  same  as  given  in  table  Vl  and 
therefore  are  not  presented  here.  Note  that  because  differed  for  two 
successive  runs  with  the  same  path  (16.8  m) ,  different  values  of  £2^  are  used. 

4.  ABSORPTION  MEASUREMENTS 


Extinction  coefficients  for  the  C02  10. 6y  laser  were  measured  in  the  J-57 
engine  exhaust  along  two  paths.  A  slant  path  traversed  5  meters  of  turbulent 
medium  while  the  perpendicular  path  Included  3  meters  of  exhaust  environment 
(figure  1).  The  C02  laser  nominally  produced  50  watts  of  multimode  power  for 
these  experiments.  Source  power  was  continuously  monitored  by  means  of  a 
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potassium  chloride  (KC1)  beam  splitter  and  standard  thermopile.  That  part  of 
the  laser  beam  crossing  the  exhaust  region  was  gathered  by  a  4-inch  mirror 
located  9  meters  from  the  exhaust  and  focused  on  a  thermopile.  The  C02  beam 
was  approximately  3  inches  in  diameter  at  the  receiving  mirror. 

Absorption  measurements  on  the  slant  path  were  made  at  engine  power  settings 
of  100  percent  and  afterburner.  Two  independent  measurements  showed  beam 
absorption  at  these  power  settings  of  7  percent  ±  3  percent  and  22  percent  ± 

4  percent,  respectively  (errors  shown  are  RMS  errors).  Corresponding  extinction 
coefficients  are  0.0145  m”1  and  0.0497  m-*.  Beam  absorption  at  lower  power 
settings  was  found  to  be  negligible.  Along  the  shorter  (3  meter)  path  only 
absorption  with  engine  in  afterburner  configuration  was  measurable.  Results  of 
several  measurements  yielded  an  absorption  of  15  percent  +  1.5  percent  with  a 
corresponding  extinction  of  0.0542  m”*. 
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SECTION  IV 

DISCUSSION  OF  RESULTS 


1.  ASSUMPTIONS 

In  performing  these  calculations  several  assumptions  which  are  of  importance 
to  the  fundamental  validity  of  the  conclusions  have  been  made  and  should  be 
indicated  here.  First,  It  was  assumed  that  CQ  was  essentially  constant  through- 
out  a  plane  perpendicular  to  the  exhaust.  This  clearly  is  not  true,  and  while 
its  full  Implications  on  the  results  presented  here  are  not  completely  under¬ 
stood,  it  is  felt  that  the  measurements  give  reasonable  estimates  of  the 
effective  turbulence  in  the  exhaust.  However,  this  assumption  probably  intro¬ 
duces  the  greatest  uncertainty  into  the  results  of  any  of  the  approximations 
made. 

Secondly,  it  was  assumed  that  the  propagation  path  began  at  the  edge  of  the 
Jet  exhaust.  Therefore,  any  atmospherically  Induced  turbulence  up  to  this  point 
Is  neglected.  Upon  leaving  the  exhaust,  it  was  then  assumed  that  a  simple 
geometric  projection  accurately  modeled  the  propagation  to  the  detector  plane, 
jgaln  neglecting  atmospherically  induced  turbulence.  Actually,  these  assumptions 
are  probably  good  in  view  of  the  fact  that  the  actual  distance  between  the 
transmitter  and  the  receiver  was  only  slightly  larger  than  the  effective  jet 
exhaust  diameter  for  moat  cases. 

Thirdly,  it  was  assumed  that  for  the  0.63p  beam,  atomic  and  molecular 
absorption  were  small.  The  theoretical  beam  spreading  formulation  assumes  this, 
and  the  exact  implications  of  not  satisfying  this  are  not  really  understood. 
However,  it  Is  fortunate  that  the  0.63p  beam  was  only  slightly  attenuated  by 
absorption  in  passing  through  the  jet  exhaust. 

Finally,  in  the  theoretical  developments  of  Fried  and  Seldman  and  Gebhardt, 
it  is  assumed  that  e  Kolmogorov  spectrum  (Ref.  1)  of  turbulence  exists. 

Because  the  numerical  results  of  the  above  authors  are  used  for  the  evaluation 
of  £<t(0)>/c®(0)J  and  (0)^/c®  (0)J  ,  it  is  clear  that  the  same  ass  imp  t  ion  is 
made  here  for  the  turbulence  In  the  jet  exhaust.  This  is  most  probably  not  true. 
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However,  it  is  true  that  some  spectrum  does  represent  this  turbulence,  and  while 
the  assumed  spectrum  is  probably  not  correct,  it  is  felt  that  in  the  absence  of 
any  better  description,  the  Kolmogorov  spectrum  is  satisfactory.  This  question 
will  be  investigated  in  future  work. 

2.  ABSORPTION 

Absorption  of  tho  10. 6u  00  laser  beam  in  the  yet  exhaust  could  be  due  to 
many  species;  candidate  molecules  include  water,  carbon  dioxide,  carbon  monoxide 
and  ethylene  ^C-,H4^. 

Water  vapor  absorbs  broad  band  in  the  IR.  However,  because  of  the  high 
temperatures  and  because  no  water  injection  was  employed  on  this  engine,  its 
effect  is  considered  negligible.  Carbon  monoxide  has  a  strong  absorption  band 
centered  at  4.7p.  Though  it  is  present  in  copious  amounts,  it  should  produce 
little  absorption  In  the  10y  region.  Ethylene  nearly  absorbs  C02  radiation 
resonantly,  having  a  band  centered  at  10.52'u.  Even  a  trace  of  ethylene  present 
in  the  exhaust  could  produce  substantial  beam  degradation.  The  actual  amount 
present  will  be  the  subject  of  later  study. 

Carbon  dioxide  can  absorb  10. 6u  radiation  resonantly  if  the  absorbing 
molecule  Is  in  the  (100)  vibrational  state.  This  level  is  about  0.17  ev  above 
the  ground  state  and  so  Its  population  exhibits  a  fairly  strong  temperature 
dependence.  Extrapolation  of  recent  measurements  indicates  4.5  torr  of  C02  in 
an  otherwise  standard  atmosphere  has  an  effective  absorption  coefficient  of 
about  0.003  m_1  (Ref.  8).  The  exhaust  environment  had  an  average  thermal 
temperature  of  about  500°  K.  Assuming  thermal  equilibrium  and  neglecting  thermal 
enhancement  of  collision  broadening,  the  Boltzmann  population  of  CO,,  molecules  in 
the  0.17  ev  (100)  vibrational  state  should  be  about  an  order  of  magnitude  above 
that  at  room  temperature.  The  corresponding  increase  in  the  expected  absorption 
coefficient  to  0.03  m~ 1  is  well  within  our  observations. 

3.  SCINTILLATION 

The  scintillation  measurements  of  the  10. 6p  beam  are  statistical  in  nature 
and  most  probably  some  of  the  higher  frequency  components  were  filtered  out  be¬ 
cause  of  the  slow  response  of  the  detector.  Inclusion  of  these  high  frequency 
scintillations  would  lead  to  an  increase  in  the  variance  and  a  subsequent  increase 
in  the  structure  constant.  In  the  scintillation  measurements,  it  was  assumed  that 
the  receiving  aperture  (4  mm)  was  small  compared  with  the  actual  beam  diameter 
(5:4  inches)  so  that  the  beam  approximates  a  plane  wave. 
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4.  BEAM  SPREAD 

The  results  for  beam  spreading  given  in  tables  V  through  VII  follow  a 
logical  pattern.  For  propagation  paths  further  behind  the  jet  exhaust  the  bean 
encounters  less  turbulence  and,  consequently,  less  beam  spread.  Higher  engine 
power  settings  led  to  greater  degrees  of  turbulence  as  evidenced  by  the  values 
of  Cn>  The  difference  in  Cr  for  90  and  100  percent  engine  power  is  relatively 
small.  Referring  to  table  I,  however,  it  is  evident  that  the  difference  in  fuel 
flow  rate  and  engine  temperature  between  90  and  100  percent  is  small  and  conse¬ 
quently  one  would  expect  the  difference  in  the  beam  spread  to  be  small. 

The  three  methods  of  data  analysis  used  here  produce  results  for  which 
agree  for  corresponding  collimated  and  focused  beams  to  within  a  factor  of  two. 
Other  methods,  however,  may  not  yield  such  close  agreement.  We  do  not  attempt 
here  to  indicate  which  method  is  more  correct.  Subsequent  work  may  clarify 
this  situation. 

The  results  given  in  tables  V  through  VII  show  a  structure  constant  that  is 
two  orders  of  magnitude  larger  than  the  structure  constant  normally  taken  a9 
characteristic  of  strong  atmospheric  turbulence  *■  5  x  10-7m- 1 ^(Ref .  2). 
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SECTION  V 
FUTURE  STUDIES 

4  . 

Future  studies  should  concentrate  on  the  following  areas. 

(1)  Mapping  the  turbulence  in  the  jet  exhaust  using  the  laser  as  a  probe; 

(2)  Further  investigation  of  scintillation  using  high-speed  detectors  and 
recorders ; 

(3)  Determining  the  effect  of  focusing  in  different  planes  in  order  to 
determine  the  condition  which  gives  maximum  intensity  in  a  different  receiving 
plane . 
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APPENDIX  I 

BEAM  SPREADING  OF  C02 

Attempts  to  measure  beam  spreading  of  the  10. 6u  beam  provided  little 
success.  As  discussed  previously,  the  highly  multimode  nature  of  the  C0?  laser 
and  the  inherent  operating  instabilities  made  accurate  measurements  difficult. 
The  results  from  two  of  these  attempts  are  presented  here. 

On  11  and  12  February,  the  C0£  beam  was  propagated  along  the  path  indicated 
in  figure  1.  The  beam  diameter  in  the  receiver  plane  under  quiescent  conditions 
was  approximately  75  mm.  Power  readings  were  taken  with  a  variable  aperture 
calibrated  in  steps  of  25  mm  and  the  results  are  indicated  in  figure  8.  Spread¬ 
ing  of  the  CO^  beam  is  not  readily  apparent  from  the  figure. 

On  17  February,  the  C02  laser  was  operated  with  a  telescope  consisting  of 
two  germanium  lenses.  A  very  poor  focus  was  obtained  in  the  receiver  plane  of 
approximately  1  inch  in  diameter  under  quiescent  conditions.  Power  readings 
were  taken  using  a  variable  aperture  calibrated  in  steps  of  2  mm  and  the  results 
are  shown  in  figure  9  for  the  jet  engine  at  idle. 

The  theoretical  spreading  for  the  CO,,  beam  can  be  calculated  using  the 
structure  constant  results  for  the  He-Ne  propagation  of  12  February.  On  that 
day  the  spreading  of  the  focused  He-Ne  beam  Indicated  a  of  2.8  x  10-5,  The 
theoretical  calculation  for  the  spread  of  a  focused  CO^  beam  then  yields  a  value 
of  —  1-04.  If  we  consider  the  C02  beam  as  being  collimated  and  use  the 

results  of  17  February  for  the  collimated  He-Ne  beam  =  9.4  x  10-5  ,  the 
theoretical  calculation  yields  a  beam  spread  ratio  of  —  1.035.  Figure  9 

indicates  an  expansion  of  1.05  which  is  very  close  to  these  theoretical  calcu¬ 
lations. 
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Figure  8.  Normalized  Power  versus  Aperture  Diameter 
for  Collimated  CO  Beam  on  11  and  12  February  1970 
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APPENDIX  II 

NIGHT  EXPERIMENT  WITH  He-Ne 

On  2  April  1970,  a  night  experiment  was  conducted  using  the  He-Ne  laser. 

The  laser  was  situated  in  the  same  configuration  as  on  16  January.  The  major 
differences  in  the  path  on  2  April  were  that  more  of  the  turbulent  exhaust  was 
intercepted  (30  meters)  and  the  receiver  (a  screen)  was  situated  500  meters  away. 
All  measurements  were  made  directly  from  the  screen  by  the  observers  and  a  35 
nxn  camera. 

Without  the  engine  exhaust,  the  focused  beam  size  was  approximately  5  mm. 

The  central  spot  was  well  defined  and  whisper  modes  from  the  laser  were  clearly 
visible  around  the  central  spot.  Some  fluctuations  were  observed  in  the  central 
spot  and  these  fluctuations  had  a  frequency  of  10  to  12  cps  (the  atmospheric 
wind  was  about  4  mph) .  The  collimated  beam  spot  size  was  1.5  inches  in  diameter 
and  the  same  whisper  modes  and  fluctuations  across  the  central  spot  were  observed. 

When  the  engine  was  turned  on  (idle),  the  focused  spot  very  rapidly  expanded 
and  soon  filled  the  screen.  An  estimate  of  the  defocused  spot  diameter  was  made 
at  28  Inches  (an  expansion  of  approximately  140  times).  The  defocused  spot  was 
very  blurred.  At  100  percent  engine  power,  the  spot  size  remained  approximately 
the  same,  and  some  heat  effects  from  the  exhaust  were  seen  to  move  across  the 
beam. 

With  the  collimated  beam,  the  expansion  with  the  engine  at  idle  was  to 
approximately  15  inches  (an  expansion  of  10  times).  The  spot  was  clearly 
brighter  and  at  100  percent  engine  power  dark  areas  were  observed  in  the  beam. 

When  the  jet  engine  was  shut  down  a  noticeable  vertical  structure  was 
observed  in  both  focused  and  collimated  beams.  This  vertical  structure  was 
caused  by  the  heat  rising  from  the  concrete  slab  on  which  the  engine  rested. 

Also  apparent  was  a  sputtering  of  the  spot  as  hot  gas  moved  across  the  beam 
path.  The  photographs  for  the  collimated  beam  are  shown  in  figures  10  through 
15. 


AFWL-TR-70-128 


NOT  REPRODUCIBLE 


Figure  10.  Collimated  Beam  Before  Jet  Engine  was  Started. 
Note  that  Whisper  Modes  are  Visible  Outside  the  Main  Beam. 


Figure  11.  As  the  Jet  Engine  is  Started,  the  Beam  Immediately 
Begins  to  Expand.  The  Expansion  Shown  here  is  not  Radially  Symmetrical 
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t  Engine  in  Afterburner.  The  Dark  Spots  Throughout  the  Expanded  Beam 
e  Horizontally  Left  to  Right  Through  the  Beam.  The  Laser  was 
of  the  Exhaust  with  the  Receiving  Screen  on  the  Right. 
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Figure  14.  Sputtering  of  the  Bean  After  Jet  Engine  Shut-Down. 
Mote  the  Vertical  Structure  of  the  Sputtering  Caused 
by  the  Rising  Hot  Gases  Xenedlately  Behind  the  Jet  Engine. 


Figure  15.  Another  Fora  of  Sputtering  Observed  After  Engine  Shut-Down — 
This  One  with  What  Seeas  to  be  a  Ring  Shape. 
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